INTRODUCTION
The progress in the investigation of light weakly bound nuclei achieved during the last years has been impressive [1, 2, 3] . It is conditioned first of all by new techniques enabling the production of exotic nuclei beam and by the important efforts devoted to investigate reaction mechanisms. In spite of that we are still far from a clear understanding of the unusual structure of exotic nuclei, as well as of the reaction mechanisms taking place under conditions of a strong coupling of all the reaction channels with the break-up channel of weakly bound projectile.
Generally it is assumed that in light exotic nuclei the nucleons tend to group into clusters, whose relative motion mainly defines the properties of these nuclei. This assumption leads to great advantages for models employing the cluster concept both for the structure and reactions involving light exotic nuclei (see references in Refs. [1, 2, 3] ). In this work we study manifestations of structural peculiarities of light exotic nuclei in elastic scattering using the generalized optical model (GOM) of H. Feshbach [4] . Models based on the Feshbach theory are extensively used for the study of coupling effects on different reaction channels. It is worth to mention, in particular, the studies of (i) the role of the deuteron break-up in its elastic scattering with heavy ions [5, 6, 7, 8] , (ii) the influence of collective excitations on heavy ion elastic scattering [9, 10, 11, 12, 13, 14, 15] , (iii) the break-up contribution of weakly bound projectiles to their elastic scattering and complete fusion cross sections [16, 17] .
In previous paper [18] we extended the method proposed early [5, 8] in order to avoid simplifying assumptions and showed the applicability of the model in the case of deuteron induced reactions. The method allows to take explicitly into account breakup channels of weakly bound projectile. Feshbach's projection operators are constructed in this case on the set of basis functions, describing internal structure of the projectile both in ground and excited states within few-cluster model. In this work this approach is applied to the study the 6 Li and 6 He elastic scattering by 12 C target at intermediate energy. Applying the model to the 6 Li elastic scattering we firstly consider it as an additional test.
Elastic scattering of the 6 He at low and intermediate energies has been studied within different approaches [19, 20, 21, 22, 23, 24, 25, 26, 27, 28] . It is interesting, that twocluster approximation (α+ 2 n) of the 6 He structure provides the results well agreed with experimental data [20, 21, 22, 23, 24] , while one could expected a manifestation of threebody effects in the 6 He reaction dynamics. How reliable are these results? Recently, 6 He + 12 C elastic scattering at 40 MeV/u has been studied within CDCC approach Ref. [26, 25] . Authors, in particular, drew a curious conclusion, that the absorption in the elastic channel is even smaller in comparison with the 6 Li case. They claimed that this difference may be caused by the halo structure of the 6 He . In this paper we perform a direct calculation of the optical potential, that can provide us with answers on these questions and puzzles.
MODEL AND APPLICATIONS
In previous paper [18] the model was already formulated in details and its applicability was demonstrated in the case of deuteron induced reactions. Therefore, only short description of the model is given below. Within the method a structureless target nucleus interacts with a projectile treated as a system of few bound clusters. The Hamiltonian of the problem readsĤ
whereT R is the kinetic energy operator of the projectile-target relative motion,Ĥ ξ = t ξ +v ξ is the Hamiltonian describing the projectile internal structure, and ξ denotes an appropriate set of internal coordinates. The interaction potentialV R,ξ is a sum of effective complex cluster-target potentialsv n . We construct the Feshbach projection operatorsP ξ andQ ξ on the basis functions of the HamiltonianĤ ξ . The operatorQ ξ includes just continuum part of the projectile spectrum, since weakly bound nucleus is supposed to have only one discrete (ground) state. OperatorP ξ extracts the elastic component |Ψ R,ξ of the total wave function, which satisfies the Schrödinger equation with the generalized optical potential
where E = (ε 0 +h 2 p 2 /2µ) is the total energy of the system, ε 0 is the projectile ground state energy, and µ is the projectile-target reduced mass. The first term in 2Û (1) = PV R,ξP is the local cluster-target interactions folded over the projectile ground state, while the second one (we will refer to it asÛ (2) ) is a non-local dynamical polarization potential (DPP), which describes the coupling with non-elastic channels.
The general formulations for the cluster-folding potential U (1) and polarization potential U (2) as well as the details of numerical calculations are given in Ref. [18] . The analytical results, obtained in [18] for the deuteron projectile (d = p + n), remain valid in the 6 Li = α + d case since they demonstrate very similar internal properties. In order to apply the model to 6 He = α + n + n induced reactions it is necessary to define reduced matrix element j , γ C n,λ j, γ for the transition operator
whereλ = (2λ + 1) 1/2 , vector | jm, γ corresponds to partial wave function describing few-body projectile state (bound or continuum one) with total momentum j and its projection m, index γ denotes the set of additional quantum numbers. We employ for that the hyperspherical harmonics method, whose numerous successful applications to the light exotic nuclei have already been reported in the literature [29, 30, 31, 32] .
The most appropriate set of coordinates ξ describing three-cluster system α + n + n is the hyperspherical coordinates {ρ, Ω ρ } expressed with help of T-type of translationally invariant normalized set of the Jacobi coordinates {x 3 , y 3 } (see Ref. [29] for detailes). It gives the coordinates {ρ, α, Ω x , Ω y }, where Ω x and Ω y are spherical angles associated with vectors x and y, and variables
are called hyperradius and hyperangle, respectively. For the sake of simplicity we omit index in x 3 and y 3 notation.
The wave function of a three-body system may be expanded into partial wave series using the complete set of generalized spin-angular functions [29] 
where γ = {KLSl x l y } is a quantum number set describing given partial state. Corresponding partial wave function
is the eigen functions of the HamiltonianĤ x,y ≡Ĥ ξ . The partial component ϕ j 0 γ 0 (ρ) of the bound state wave function in the case of the Borromean-type system has a true three-body asymptotic
where κ 0 = 2m N ε 0 /h 2 , and m N is a nucleon mass. The scattering partial wave has an asymptotic
where H (±)
, and F ν and G ν are the regular and irregular Coulomb functions. The required reduced matrix element has simplest form in the case of cluster whose vector r n collinear to the y Jacobi coordinate, i.e. the α-core (n = 3) in the 6 He case. One may see that (5) where C cγ aαbβ is a Clebsch-Gordan coefficient, W (abcd; e f ) is a Racah coefficient. The
where r 3 = m P −m 3 m P y depends on the masses of projectile m P and α-core m 3 . To obtain the matrix elements for cluster with n = 3 one may use the Reynal-Revai transformation [33] of the total three-body wave function in order to superpose vector r n=1,2 with direction of the vector y 1,2 from another set of the Jacoby coordinates. 6 
Li elastic scattering
Firstly, we apply the model to the 6 Li + 12 C elastic scattering at energies 156 MeV and 210 MeV measured in Refs. [34, 35] . We treat the 6 Li nucleus as two-cluster systems α + d. From the analysis of deuteron reactions [18] we know that the model provides good results in the case of heavy targets and intermediate energies. However, the behavior of the polarization potential at low orbital momenta is noticeably affected by the nonphysical bound states in the projectile-target system. In light heavy ion scattering, it may lead to the overestimation of GOP absorptive part for low partial waves. Thus the study of 6 Li + 12 C reactions allows us to confirm the applicability of the model.
We start with the description of (α + d) bound and low-lying continuum states. Jenny et al. [36] carried out the analysis of α+d elastic scattering, and extracted corresponding phase shifts. In order to describe these data we adapt the potential proposed in Ref. [37] in the form convenient for our model. The central potential of the Gaussian shape is supplemented with a spin-orbit term. Parameters for each partial wave (see Table 1 ) were adjusted in order to describe Jenny's data. Calculated phase shifts show reasonable agreement with experimental data at energies E αd ≤ 15 MeV, which gives main contribution to the optical potential [38] . Therefore in our calculations we take into account coupling with 6 Li continuum up to ε k = 30 MeV with relative angular momentum l ≤ 4. 6 
Li cluster-folding interaction and role of α + d forbidden state
The 6 Li ground state is assumed to be a pure s-wave | j 0 l 0 = |10 . The parameters of cluster-target interactions v n (r) for the considered reactions are listed in Table 2 . In particular, the d + 12 C potential parameters were taken from previous work [18] , while the parameters of α + 12 C interactions were fitted to the experimental data on α + 12 C elastic scattering at 104 MeV [40] and 140 MeV [41] .
Using notations of Ref. [18] the cluster-folding interaction reads
where the summation is over the clusters in projectile,ṽ n (q) is a Fourier transform of the n-th-cluster-target potential. In Fig.1 (a) the 6 Li + 12 C cluster-folding potential is shown. The corresponding 6 Li elastic form-factor shown in Fig.1(c) was calculated using the α + d wave function plotted in Fig.1(b) and the empirical internal cluster form-factors obtained in Ref. [42] . The form-factor agrees well with experimental data on 6 Li(e, e) elastic scattering at transferred momenta q < 3 fm −1 . 
The s-wave α + d potential (Table 1) generates two bound states at energies E 1s = −33.3 MeV and E 2s = −1.47 MeV, where 1s state is a forbidden one. In order to estimate the effect of this state we performed calculations applying the supersymmetric transforms [43] to the α + d potential. This procedure allows to eliminate forbidden bound sate keeping other discrete states and scattering phase-shifts unmodified. Instead of (2s) state we obtained (1s) one with proper asymptotic (see Fig.1 ). One may see that such a drastic modification of the ground state wave function almost does not influence on the folding potential. Imaginary parts W (R) are almost indistinguishable. The real V (R) and spin-orbit V SO (R) terms slightly differ only at small R values. This is because the correction of the wave function in inner region leads to modification of the formfactor at large q values only, which give almost negligible contribution to integral (7) due to steep decreasing the Fourier transformṽ n (q) at q > 2 fm −1 . Nevertheless note that the modified form-factor is in better agrement with the experimental data. 6 
Li dynamical polarization potential
Following the formulations performed in Ref. [18] , the dynamical polarization potential in the case of (α+d) model of the 6 Li nucleus reads
where C ξ = i l i e σ l i 2µ/h 2 πk is a phase-volume quantity, function g
JL (E; R , R) is the partial two-body Green function associated with the relative projectile-target motion (see Ref. [18] for details). The summation in Eq. (8) W LP calculated at 156 MeV and 210 MeV, respectively. Short-dash line shows the polarization potential obtained for the same reaction at 156 MeV in Ref. [45] . (b) Theoretical and experimental [34, 35] angular distribution of the 6 Li + 12 C elastic scattering at 156 and 210 MeV. Long-dash curves show the cross sections obtained with cluster-folding potential. Solid curves demonstrate the results of calculation with taking into account the contribution of polarization potential. Short-dash curve shows the cross section from Ref. [46] corresponding to the polarization potential from Ref. [45] . 6 Li excitation energy ε k . The functions F (ε k , R) read
We performed calculation of the polarization potential (8) and corresponding elastic scattering cross-section for the 6 Li + 12 C elastic scattering at 156 MeV and 210 MeV. The 6 Li polarization potential (8) shows similar properties as a deuteron one [18] . It is peripheral, L-dependant and non-local function. It makes the polarization potential complicated for analysis. Instead we accept the L-independent "weighted mean" local polarization potential (WLP) [44] , which has been successfully used in the previous analyzes. Localized DPPs are shown in Fig.2(a) .
The cluster-target effective interactions v n (r) are the important ingredients of the model. We approximate v n (r) by a phenomenological optical potential (PhOP) fitted to an appropriate experimental data. The ambiguity of the PhOP parameters is well known. In order to check the sensitivity of the model to the PhOP choice we calculated the GOP for the 6 Li + 12 C reactions using significantly different sets of the v n (r) interaction parameters. The results are shown in Fig.2(a) . The GOPs at 156 MeV and 210 MeV were obtained using PhOPs with parameters listed in Table 2 under notations set I and set II, respectively. In spite of the significantly different radial dependance of these interactions the obtained polarization potentials are quite similar. The cluster-folding interactions have close asymptotical behaviors but disagree at small R values. However, the optical potential at small distances influences weakly on the elastic scattering cross section. Thus we may conclude that properties of GOPs within the model are weakly depends on the v n potential parameters.
The calculated elastic scattering cross sections are shown in Fig.2(b) . The cross section generated by the cluster-folding potential overestimates data as usual. Supplementing the folding interaction with non-local polarization potential (8) we obtain the angular distributions being in well agreement with data.
Polarization potential for this reaction has also been studied in Ref. [45] using phaseto-potential inversion procedure. It is shown in Fig.2(a) by short-dash lines. These results are based on the calculations reported in Ref. [46] , where elastic cross section (short-dash line in Fig.2(b) ) has been calculated within three-body adiabatic model [47] . We may see that the imaginary part of this polarization potential are in qualitative agrement with our estimation. However, the Mackintosh's potential demonstrates repulsive real part in peripheral region while the DPP obtained here has no repulsion at all. The overestimated cross section at large angles tells us that the Mackintosh's DPP underestimates absorptive part and slightly overestimates real one. On the other hand, the obtained in our model DPP provides good description of the cross section amplitude (depending on the imaginary part mainly) but somewhat misses in the positions of maxima (defined by the real part). Thus we may conclude that the discussed model provides adequate description of the 6 Li elastic scattering. 6 He elastic scattering
The 6 He nucleus is treated usually as a three-body system, consisting of the α-core and two weakly bound neutrons in the p-shell. However, in study of the 6 He induced reactions it is also considered within two-body approximation where α-core is bound with a hypothetical di-neutron cluster, since a three-body projectile model is hardly adapted for the calculation of reaction dynamics. The validity of the two-body approximation is based on the microscopic calculations of the 6 He ground state wave function [29] , that indicates prominent di-neutron component. Within generalized optical model we have an opportunity to compare these two approximations, and ascertain the role of the 6 He structure in elastic scattering.
In order to compare two and three cluster models of the 6 He nucleus we have analyzed its elastic scattering on 12 C target at the energy 230 MeV studied experimentally in Ref. [48] . Cluster-target interactions (see Table 2 ) in both cases were chosen in the same way as before, i.e. from phenomenological analysis of appropriate experimental data [49, 50, 51] . The 2 n-target interaction was calculated as a sum of neutron-target optical potentials folded with deuteron density.
The 6 He (230 MeV) + 12 C data have already been analyzed within the CDCC [26] and the eikonal [28, 27] approximations. In the Ref. [28, 27] authors studied the DPP in wide energy region, employing the 6 He microscopic wave function which provides a satisfactory description of the ground and excited states of six-nucleon system. Within the eikonal approximation the coupling between elastic and inelastic channels is treated implicitly through the eikonal phase-shift function. Authors of Ref. [28, 27] , in particular, obtained the polarization potential, which may be directly compared with our calculations.
In order to calculate the α + 2 n ground and low lying excited state wave functions we modify the α + d interaction (see Table 1 ). Obtained potential parameters provide the 6 He binding energy ε 0 = 0.97 MeV, the r.m.s. radius 2.67 fm, and the lowest 2 + resonant state at energy E 2 + = 1.8 MeV and width Γ 2+ = 90 keV. Only the s-wave component of the α + 2 n ground state wave function is considered. In the case of three-cluster approximation α + n + n we closely follow the calculations in Ref. [32] . We select the αn potential of Kanada et al. [52] , which contains central and spin-orbit terms. This potential is deep; i.e., it contains a forbidden state in the s1/2 wave which must be eliminated. We perform this elimination with a supersymmetric transformation of the s-wave component. For the nn potential, we choose the central part of the Minnesota interaction with u = 1 [53] , which reproduces the deuteron binding energy and the nn scattering length. 6 
He cluster-folding interaction
Taking into account condition j 0 = 0, the 6 He cluster-folding potential reads
We calculated the 6 He + 12 C cluster-folding interaction (10) using using two different models of the 6 He projectile. It is convenient to compare the contributions to U (1) potential from the α-particle form-factors since both employed models include this cluster. Fig.3(a) shows that the three-body model form factor turns out to be significantly wider than that is obtained within two-body approximation. The wider momentum distribution, the narrower spatial extension of the system. Therefore the contribution of α-target interaction to folding potential is narrower if three-body approximation used. Such discrepancy between two models is due to the specific 6 He structure. The α-cluster in two-body system are moved on average far from the center of mass of the whole system since two neutrons form a compact di-neutron cluster (see the illustration in Fig.3(a) ). In the case of the three-cluster model in addition to the di-neutron component the 6 He wave function contains so called cigar-like component [29] , which corresponds to the uncorrelated motion of valency neutrons around the α-core. The weights of these two components are comparable, therefore the alpha-cluster has narrower spatial distribution within three-cluster model, than it is in two-body case. Inasmuch as the α-particle and neutron do not form the 5 He cluster, the spatial distribution of the valency neutrons also turns out to be narrower in three-cluster case than in two-cluster one. In Fig.3(b) we plot the difference between folding potentials calculated within different approximations. Narrower spatial distribution in case of three-cluster model generates narrower both real and imaginary parts of the folding potential. 6 
He dynamical polarization potential
In the 6 He case ( j 0 = 0) we obtain the dynamical polarization potential in the following form
where functions F ( j 0 γ 0 )λ ( jγ) (ε κ , R) are defines by Eq. (9), and the quantity C ξ in the case of three-cluster system reads
In order to compare polarizability of the 6 Li and 6 He nuclei, we calculate the DPP (11) for the 6 He + 12 C elastic scattering at 156 MeV using the two-cluster approximation and the same cluster-target interactions as in the 6 Li case analyzed in previous section. An imaginary volume integral of the obtained WLP polarization potential
is shown in Fig.4 . Value ∆J λ defines additional absorption in the elastic channel caused by the coupling with break-up channels and calculated at fixed value of transferred orbital momentum λ . Two conclusion follows from this figure: (i) the λ = 2 contribution is dominant in both cases, and (ii) contribution of the λ = 3, 4 could be neglected. Therefore in the following calculations we consider the coupling only with 0 + , 1 − and 2 + continuum states of the 6 He. The total volume integral ∆J = ∑ λ ∆J λ is almost 1.5 times large in the case of 6 He due to its weak bond. Analyzing the DPP expression obtained within two-and three-body approaches one may show that the difference is contained in the following factor
As stated above it is convenient to consider the contribution to the DPP from the α-cluster transition form-factor only. In Fig.5 we compare functions Φ (α) j i (q, ε), calculated within two-and three-cluster models with fixed transferred angular momentum λ ≡ j i . The behaviour of transition form-factors is similar to the elastic one. In addition, the magnitude of the 2 + continuum state transition form-factor is smaller in threecluster case. Thus the three-cluster model provides the narrower and weaker polarization potential in comparison with two-body model.
These conclusion is in contradiction with results obtained in [26] , where authors found no difference, treating the 6 He as two and three cluster system. Nevertheless our deduction seems to be reasoned at intermediate energies like 40 MeV/u, whereas at low energies the reaction dynamics becomes more complicated and requires more sophisticated consideration.
The two-cluster and three-cluster WLP polarization potentials are shown in Fig.6(a) . Mentioned discrepancy in the imaginary parts of the DPP may be seen. The real part again demonstrates attractive character at all distances and it is almost negligible in the region important for elastic scattering (R ≥ 4 fm). We may expect that the Im U (2) is calculated rather accurately while the repulsive addition of the order of 1 or 2 MeV to the DPP real part is missed in the model (see Fig.2(a) ). In Fig.6 (a) the imaginary part of the DPP calculated in [28, 27] is shown. It is close to our estimation. (q, ε κ ) (see text) calculated within three-body (solid lines) and two-body (dash lines) 6 He models. Calculations were performed for the transitions from the 6 He ground state to 0 + (a), 1 − (b) and 2 + (c) continuum states at the excitation energies labeled near the curves. FIGURE 6. (a) Real and imaginary parts of the polarization potential of 6 He (230 MeV) + 12 C elastic scattering. Solid and dash lines correspond to the DPP obtained using three-cluster and two-cluster 6 He densities. Dash-dotted line shows result obtained in Ref. [27] . (b) Elastic scattering cross section for the same reaction. Calculation is performed using optical potentials obtained within two-body (dash lines) and three-body (solid lines) 6 He models. Thin and thick curves correspond to the calculation with cluster-folding potential only and full optical potential, respectively. Experimental data are from Ref. [48] .
In Fig.6 (b) the elastic scattering cross section for the reaction 12 C( 6 He, 6 He) at the energy 230 MeV is shown. The thin solid and thin dash curves correspond to the threebody and two-body calculations including the folding potentials only. Comparing the cross sections calculated with just the folding interactions one may see that the 1-2 MeV difference in folding potentials (see Fig.3(b) ) results in the significant difference of the cross sections (see Fig.6(b) ).
Taking into account non-local polarization potential, we obtain the elastic scattering cross sections shown in Fig.6(b) by thick lines. We found that results are in rather good agreement with data. The angular distributions obtained within different 6 He models demonstrates the importance of proper nuclear structure treatment in the study of reactions induced by weakly bound nuclei. The roughness of two-cluster approximation results in overestimated absorption in the elastic channel, and, consequently, large total reaction cross section. Circumstantial evidence of that is that the reduced transition probability B(E2; 0 + → 2 + ) calculated using two-cluster wave function is about 2 times larger than the probabilities extracted from the experimental data (see discussion in [20] ). Note also that in the region of experimental angles the curves corresponding to different models of the 6 He are close and lie within experimental error bar. However three-body model seems to give better agreement but more detailed experiment is necessary.
CONCLUSION
The generalized optical potential of the elastic scattering was calculated basing on the Feshbach projection operator method and taking explicitly into account the coupling with weakly bound projectile break-up channels. The approach was applied to the 6 Li and 6 He induced elastic scattering on 12 C target treating the projectiles as the fewcluster systems. We found a good agrement between calculations and experimental data.
We compare the properties of the 6 He GOP considering the structure of the 6 He projectile within (α + 2 n) and (α + n + n) microscopic cluster models. It was shown, that the application of the two-cluster approximation may lead to the miss of important features of weakly-bound nucleus dynamics.
It is necessary to stress that our conclusions are partly in contradiction with the results obtained in Refs. [25, 26] , where the CDCC calculations were performed using a threecluster wave function of the 6 He obtained within the Gaussian expansion method. In order to calculate the coupling potentials authors adopted the double-folding model with nucleon-nucleon effective interaction of the M3Y type. Therefore the imaginary part of the potential was introduced with the help of complex renormalization coefficient N R + iN I , the value of which was adjusted in order to reproduce the experimental data. The authors in Ref. [26] compared two and three-cluster models of the 6 He nucleus, and found no difference in the DPP at intermediate energies. Their analysis gives also an interesting result that the N I coefficient for the 6 He + 12 C reaction at energies around 40 MeV/u is about two times smaller in comparison with that for the 6 Li + 12 C case. It gives 200 mb difference in the total reaction cross sections σ R . This result means either that 6 He absorptive part is twice weaker than 6 Li one, or that 6 He real part is twice deeper than 6 Li one. Both these conclusions seem to be unrealistic.
In Table 3 we give the imaginary volume integrals of dynamical polarization potential ∆J and generalized optical potential J tot , calculated for the 6 He and 6 Li elastic scattering. In our calculations the contribution from break-up polarization of the 6 He is found to be almost two times stronger than the 6 Li one, whereas the imaginary parts of full optical potentials provide quite close volume integrals J tot for these reactions. These conclusions are just opposite to that ones followed from Ref. [26] . The σ R values for these reactions The observed disagreements may be caused by the 6 He specific properties. In particular, we may assume that the method of the complex scaling of double-folding potential does not provide fully adequate description of interaction potential in this case. It is confirmed indirectly by results reported in Ref. [27, 28] , which provides the σ R values consistent with ones reported here. Found discrepancy requires to continue the studies in future.
